Within a response element, the precise sequence to which the receptor binds has been implicated in directing its structure and activity. Here, we use NMR chemical-shift difference mapping to show that nonspecific interactions with bases at particular positions in the binding sequence, such as those of the 'spacer', affect the conformation of distinct regions of the rat GR DNAbinding domain. These regions include the DNA-binding surface, the 'lever arm' and the dimerization interface, suggesting an allosteric pathway that signals between the DNA-binding sequence and the associated dimer partner. Disrupting this pathway by mutating the dimer interface alters sequence-specific conformations, DNA-binding kinetics and transcriptional activity. Our study demonstrates that GR dimer partners collaborate to read DNA shape and to direct sequence-specific gene activity. npg
a r t i c l e s Gene expression is tailored to the needs of specific tissues and in response to environmental and developmental changes. Transcriptional regulators coordinate this task by integrating input signals at specific genomic regions 1, 2 to affect precise transcriptional outputs at target genes. This intricate process relies on combinatorial control, in which distinct combinations of factors assemble into functional regulatory complexes that control the transcriptional activity of associated genes. However, the determinants that define the gene-specific assembly and activity of these regulatory complexes are poorly understood.
GR, a glucocorticoid-activated member of the nuclear receptor superfamily, utilizes combinatorial control to regulate hundreds to thousands of genes in a cell-and gene-specific manner. This specificity arises partly from context-dependent GR-binding regions (GBRs), which can be defined in vivo using genome-wide approaches. Some, but not all, GBRs appear to function in vivo as glucocorticoid response elements (GREs), which confer context-specific glucocorticoid regulation on nearby genes. Although GBR and GRE activities are clearly separable, both rely on the effects of multiple signals, such as hormonal ligands, other regulatory factors and posttranslational modifications. Each of these signals drives distinct conformational changes in the receptor [3] [4] [5] [6] [7] [8] , thereby modulating its transcriptional regulatory activity [9] [10] [11] . For example, two GR ligands, dexamethasone and mifepristone, differentially affect the formation of a coactivator interaction surface of the ligand-binding domain 8 and induce different transcriptional profiles.
GBRs and GREs are composite elements consisting of binding motifs for non-GR transcriptional regulatory factors and, often, one or more GR binding sequences (GBSs) 12 . Purified GR binds GBSs with high affinity in vitro, and mutational studies have confirmed that GBSs within a particular GBR are responsible for GRE activity 12, 13 (S. Meijsing, personal communication). GBSs vary loosely around a 15-base-pair (15-bp) consensus sequence consisting of two hexameric half-sites separated by a 3-bp spacer 13 . GR binds to a GBS as a homodimer, and each dimer partner specifically contacts, at most, three bases in each GBS half-site. Structural studies of free and DNAbound GR DNA-binding domain (DBD) suggest that DNA binding imparts structural changes in the second zinc finger of the DBD, forming the dimerization interface [14] [15] [16] .
We have previously demonstrated that DNA-binding sequences serve as distinct signals that direct GR structure and activity 17, 18 . Crystallographic studies comparing GR bound to different GBSs have revealed alternate protein conformations that are dependent on the precise DNA-binding sequence 17 . The alternate conformations observed were localized to a loop region within the DBD termed the lever arm, which does not itself contact the DNA. Moreover, GBSs that produced different lever-arm conformations were invariant at all nucleotide positions that make direct contacts with GR, indicating that nonspecific bases affect GR structure. The presence of alternate lever-arm conformations suggests that GBS-specific conformational dynamics have a role in gene-specific regulation by GR.
Our previous crystallography studies motivated the following questions: (i) how does GR detect sequence differences among GBSs? (ii) Do GBSs drive distinct 'allosteric paths' of conformational changes that extend into and through the lever arm? (iii) How do a r t i c l e s GBS-dependent differences in GR conformation affect GR activity? To address these questions, we used solution techniques to assess the effects of changing nucleotides at specific positions within the GBS and of perturbing a functional surface of the GR DBD.
RESULTS

GBS spacer affects GR occupancy, activity and structure
We sought to determine the degree of sequence variability among endogenous GBSs to estimate the potential for DNA sequences to be unique signals that produce distinct GR activities. We identified GR binding regions in human U2OS cells exogenously expressing fulllength rat GR by GR chromatin immunoprecipitation followed by deep sequencing of the precipitated DNA fragments (ChIP-sequencing) (data not shown). An unbiased search for sequence motifs within 1,000 GR binding regions with the highest number of reads revealed a GBS motif composed of imperfect palindromic hexamers separated by a 3-bp spacer ( Fig. 1a) , similar to motifs previously identified on the basis of smaller sample sets 12 . Scanning for this motif among the 30,000 observed GR binding regions revealed that 90% of GBSs are unique, suggesting that there is sufficient diversity for each to be a gene-specific signal. This model would require that nonspecific bases contribute to sequence specificity. The GBS positions with the highest information content (>1 bit) correspond to the six bases that are directly contacted by the GR dimer 16, 17 . The remaining nine nucleotide positions each contain <1 bit of information, with half-site positions 3 and 13 nearly devoid of sequence preference (0.05 and 0.1 bits, respectively). Notably, however, GR showed appreciable base preference at nucleotide positions that it does not contact directly: pyrimidines at spacer positions 7-9, as well as A and T at positions 6 and 10, respectively, adjacent to the spacer.
It was previously shown that GBSs differentially modulate GR transcriptional induction using luciferase reporters consisting of a single GBS upstream of a minimal promoter 17 . To investigate how varying the GBS spacer affects GR transcriptional induction, we compared reporter activity in the presence of 100 nM dexamethasone for GBSs that differ only in spacer sequence (Fig. 1b,c) . Changing the spacer of Sgk from TTT to GGG (Sgk-ggg) resulted in a 69% decrease in transcriptional activation, and changing the spacer by only one base (from TTT to TTG; Sgk-ttg) resulted in a 42% decrease. Alternatively, changing the spacer sequence (GGG) of a GBS associated with the gene encoding Fkbp5 to AAA (Pal-F) but not to TTT (Pal-R) resulted in decreased transcriptional activity. Thus, spacer sequence, within the context of the whole GBS, influences GR activity.
As GR does not directly contact the GBS spacer, we investigated other potential structural mechanisms by which spacer sequence influences GR function. Though prior crystallography studies did not include the Sgk-ggg GBS, we aligned structures of GR DBD bound to the Pal-F and Fkbp5 GBSs, which differ only in spacer sequence ( Fig. 1d) . These structures revealed that the minor groove of the Pal-F spacer is narrower than that of the Fkbp5 spacer, with average widths of 3.8 Å and 6.4 Å, respectively, as measured by Curves+ (ref. 19) . As the Pal-F and Fkbp5 GBSs have spacer sequences of AAA or GGG, respectively, the sequence-specific difference in minor-groove width is consistent with previous studies showing that short A-tracts narrow the minor groove 20 . This led us to hypothesize that DNA shape, defined by the nucleotide sequence of the GBS spacer, serves as a signal that regulates GR activity. Thus, we predicted that structural features associated with the DNA spacer impart structural changes that are propagated through the GR DBD. Consistent with this prediction, our examination of GR contacts with the DNA phosphate backbone near the GBS spacer indicated that the orientation of the side chain of Lys490 is dependent on the spacer sequence ( Fig. 1e ).
D-loop conformation depends on spacer but not half-site
To further investigate how GBS spacer affects GR structure, we monitored GR DBD conformation by 15 N-HSQC, which measures the chemical environment of the amide bond of individual amino acid residues. For GR DBD bound to a high-affinity GBS (Gha), we assigned >90% of the chemical-shift peaks to their corresponding residues ( Supplementary Fig. 1 ). We overlaid the HSQC spectra for GR bound to GBSs that differ only at nonspecific bases of the spacer or at half-site positions 13 and 15 (hereafter referred to as half-site 13:15 ). In both comparisons, many of the spectra peaks did not overlap, which indicates that each GBS complex is structurally distinct ( Fig. 2a) and suggests that the bases of the spacer and the half-site 13:15 influence GR structure.
We used chemical-shift perturbation, which is sensitive to local changes in conformation [21] [22] [23] , to distinguish which regions of GR DBD are affected by spacer sequence and which are affected by npg a r t i c l e s half-site 13:15 . GBSs that differed only in the spacer showed substantial peak shifts mapping to Ala477 and Gly478 of the GR dimerization loop (D-loop) ( Fig. 2b) , despite a distance of at least 18 Å between the GR backbone and the nucleotide bases of the spacer. In contrast, the bases at half-site 13:15 had little effect on Ala477 and Gly478 but affected residues at other surfaces of the DBD ( Supplementary  Fig. 2) . Thus, sequence variation within particular regions of the GBS corresponds with conformational changes in distinct subdomains of the DBD. Extending this analysis across the GR DBD further demonstrated that changing the spacer, but not half-site 13:15 , induced peak shifts mapping to the D-loop of GR ( Fig. 2c,d) . Alternatively, half-site 13:15 , but not the spacer, influenced peaks mapping to outward-facing surfaces of the DBD near the DNA ( Fig. 2d and Supplementary Fig. 2) . Additionally, the DNA-recognition helix H1 and the lever arm were affected by sequence changes in the spacer and in half-site 13:15 . This effect of GBS on the lever-arm conformation further corroborates the alternate conformations observed by crystallography 17 .
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How might information in the GBS spacer be transmitted across the substantial distance to the D-loop to elicit specific rearrangements? As the lever arm structurally links the DNA-recognition helix to the D-loop, the simplest model suggests structural coupling of the D-loop to the DNA-recognition helix via the lever arm.
The A477T mutation disrupts D-loop conformation
To investigate the functional role of spacer-specific structural changes, we tested whether perturbing the D-loop affected GR activity in a GBS-specific manner. We focused on Ala477 of the D-loop, which makes one of the four dimerization contacts within the GR DBD 16 -a backbone hydrogen bond between the carbonyl of Ala477 and the amide of Ile483 from the associated dimer partner. The A477T substitution has been shown to alter GR activity in a gene-specific manner 24 . As reported previously 17, 25 , the extent to which transcriptional induction differed between A477T mutant GR and wild-type GR was GBS specific. Among eight GBSs tested in reporter assays, the A477T mutant showed increased, decreased or unchanged transcriptional induction compared to wild-type GR (Fig. 3a) . In contrast to wildtype GR, the A477T mutant showed no difference in activity for two GBSs that differ in spacer (Sgk and Sgk-ggg). Thus, this mutation in the dimerization interface did not abolish GR activity but instead resulted in reinterpretation of GBS signals by the mutant GR.
To assess the mechanism by which the mutation differentially affects GBS-specific activity, we characterized the structural and biophysical impacts of A477T. We compared the HSQC spectra of wild-type and A477T GR bound to the Fkbp5 GBS (Fig. 3b,c) . The A477T DBD spectrum showed many peaks that overlaid well with that of wild-type GR, but >30% of residues were shifted as a result of the A477T mutation. These peaks did not overlap with those corresponding to the unbound wild-type DBD, confirming that the protein was completely bound to DNA (Supplementary Fig. 3) .
We quantified the chemical-shift difference as the distance between each peak in the GR wild-type spectra and the peak in the A477T spectra nearest to it 25 . Comparison of wild type-and A477T-bound Gha, Fkbp5 and Sgk complexes ( Fig. 3d ) revealed A477Tspecific shifts that mapped to the D-loop and the residues surrounding Ile483, consistent with a disruption of the dimerization interface. Additional chemical-shift differences mapped to the N-terminal region of the lever arm and the recognition helix of GR. Thus, the A477T mutation generates local structural changes as well as structural reorganization in regions outside of the dimerization surface. Together with the observation that wild-type GR produced GBS-specific structural changes in the dimerization interface (Fig. 2b,c) , our findings with the A477T mutation indicated that the dimerization and DNA interfaces are structurally coupled. UA  UA  UA  UA  UA  M439  C440  L441  V442  C443  S444  D445  E446  A447  S448  G449  C450  H451  Y452  G453  V454  L455  T456  C457  G458  S459  C460  K461  V462  F463  F464  K465  R466  A467  V468  E469  G470  Q471  H472  N473  Y474  L475  C476  A477  G478  R479  N480  D481  C482  I483  I484  D485  K486  I487  R488  R489  K490  N491  C492  P493  A494  C495  R496  Y497  R498  K499  C500  L501  Q502  A503  G504  M505  N506  L507  E508  A509  R510  K511  T512  K513  K514  K515  I516  K517  G518  I519  Q520  Q521  A522  T523 Fig. 5b and Supplementary Table 1) . Consistent with the EMSA results, maximal binding responses were similar for wild type and A477T, indicating that the mutant binds to DNA at the same stoichiometry as wild type (Fig. 5a) . As the concentration dependence was non-Langmuir, we fit the SPR binding isotherms to the Hill equation. Fit Hill coefficients for wild type were 1.83 ± 0.28 and 2.13 ± 0.26 for the Gilz and Pal-R GBSs, respectively ( Fig. 5b and Supplementary Table 1) . The A477T isotherms were well described by Hill coefficients of 1.34 ± 0.16 s.d. (Gilz) and 1.41 ± 0.1 (Pal-R), indicating that cooperativity was reduced but not abolished by the A477T mutation. As the Hill coefficient represents an exponential component of the Hill equation, the differences in Hill coefficients between the two GBSs (0.3 for wild type and 0.07 for A477T) are substantial for wild type and diminished for A477T. This suggests that differential cooperativity contributes to the discrimination between binding sites for wild type but has a lesser role for A477T.
As the transcriptional activity of GR is affected by the fractional occupancy of the active dimer complex on a given response element, we also compared the dissociation kinetics of wild-type and A477T DBD-GBS complexes (Fig. 5a) . To simplify the comparison between wild type and A477T across the different binding sites, dissociation traces were fit to a single exponential decay process and the fit parameters were presented as half-life (t 1/2 ) values ( Supplementary  Table 1 ). For wild type, Pal-R and Gilz showed fit t 1/2 values of 55 ± 4 s and 23 ± 2 s, respectively. In contrast, A477T dissociated from both Pal-R and Gilz GBSs with a t 1/2 of ~5 s; a decrease of 90% and of 80%, respectively, relative to wild type. Under these conditions, the dissociation of wild type was dependent on the GBS, whereas A477T kinetics seemed to be undiscriminating of sequence. This suggests that an intact dimerization surface is crucial for interpreting GBSspecific signals that modulate GR dissociation.
To assess more broadly the biophysical parameters that might influence GBS-specific transcriptional activity, we extended our analysis to include five GBSs in addition to the Pal-R and Gilz GBSs. Across all GBSs, A477T showed lower affinity, faster dissociation and lower cooperativity than did wild type ( Supplementary Table 1 ). Notably, although Pal-R and Gha had similar binding parameters, their transcriptional regulatory activities in reporters were not aligned (P = 0.004). To assess the relationship between DNA-binding properties and GBS-specific transcription, we compared transcriptional 
A477T affects cooperativity but not stoichiometry
To pursue the mechanism by which the A477T mutation affects the GBS-specific activity of GR, we assessed DNA binding by an electrophoretic mobility shift assay (EMSA). Comparison of wild-type DBD and A477T DBD binding to the Pal-R and Sgk GBSs revealed that GR dimer complexes were formed at saturating concentrations of both wild-type and A477T DBD, although the mutant showed reduced DNA-binding affinity (Fig. 4a) . For the wild type, the transition from free DNA to dimer complex occurred at lower concentrations of GR, and only a minor population of DNA-bound monomer was present, indicative of strong positive cooperativity. In contrast, A477T showed little cooperativity and had nearly saturated the DNA as a monomer before dimer formation. To distinguish whether the reduced overall affinity of A477T was due to impaired DNA recognition resulting from the mutation, we compared binding of wild-type GR and A477T to a GBS half-site (Fig. 4b) . We found that half-site binding was equivalent for wild type and A477T, indicating that the A477T mutation does not disrupt the DNA-binding ability of the monomer (Fig. 4b,c) . Thus, the reduction in overall affinity of the A477T mutant is due to diminished cooperativity. As the EMSA is a measure of non-equilibrium, we also used surface plasmon resonance (SPR) to monitor the effects of binding sequence on the DNA-recognition properties of wild type and A477T, under conditions similar to those used for the NMR studies. We compared binding of wild-type DBD or A477T DBD in two GBSs whose transcriptional induction in reporter assays was reduced (Pal-R) or unaffected (Gilz) by the A477T mutation (Fig. 5a) . Isotherms constructed from maximal binding of wild-type or A477T DBD to GBSimmobilized surfaces at equilibrium showed that the mutation results in a decrease in binding affinity, by a factor of 10 for Pal-R and of 5 for npg a r t i c l e s activity to the K 1/2 or t 1/2 values across this panel of GBSs (Fig. 5c) . We found that transcriptional induction of wild-type GR did not vary as a simple function of DNA affinity. For example, the A477T mutation resulted in reduced binding affinity but enhanced transcriptional induction at the Gha GBS (Fig. 3a) . Additionally, GBSs sharing similar GR binding properties, such as Gha and Pal-R or Fkbp5 and Gilz, differed in transcriptional activity (Fig. 1a) as well as conformation (Supplementary Fig. 4) . These results are consistent with those of Bain et al. 26 , who describe GBSs with binding affinities and regulatory activities that are not aligned. Therefore, we were surprised by the assertion by Bain et al. 26 that DNA binding affinity defines transcriptional activity at GBSs. Although DNA binding affinity clearly has a role in the activities of transcriptional regulators, our results as well as those of Bain et al. 26 demonstrate that other factors must also contribute substantially. Having previously proposed that GBSspecific structural changes determine transcriptional activity 17, 18 , we assessed the relationship between binding and activity in the A477T mutant. Compared to wild type, A477T showed a stronger correlation between transcription and affinity, as measured by multiple correlation analyses (Supplementary Table 2) . Thus, disruption of the dimer interface seems to dampen allosteric signaling, rendering GBS affinity a stronger determinant.
A477T disrupts signaling between dimer partners
To further dissect the structural mechanism by which A477T alters GBS-specific activity, we used 15 N-HSQC to monitor the effects of the A477T mutation on GBS-specific conformations of GR. We focused on the lever-arm region because its structure is sensitive to GBS 17 . We found that for wild type, Gly470 showed peak-splitting in a GBSdependent manner (Fig. 6a) . Peak-splitting indicates two unique chemical environments for a single residue and reflects two possibilities: either the GR dimer partners have non-equivalent conformations, or GR dimers undergo slow conformational exchange between two distinct states. To distinguish between these possibilities, we used ZZexchange NMR to detect conformational exchange. This experiment is similar to HSQC except that a mixing period is introduced between recordings of the 15 N chemical-shift and of the 1 H chemical shift for each amide. Chemical exchange that occurs during the mixing period is detected as cross-peaks in the NMR spectrum corresponding to the 15 N chemical shift of conformation A and the 1 H chemical shift of conformation B-and vice versa (Supplementary Fig. 5a,b) . We fit the individual intensities of exchange cross-peaks at different mixing periods 27 (Fig. 6b) and determined that the conformational exchange rate of Gly470 (4.36 s −1 and 3.10 s −1 for conformation A to B and conformation B to A, respectively) is two orders of magnitude faster than its rate of dissociation from DNA (0.03 s −1 ) ( Supplementary  Fig. 5e ). This suggests that doublet peaks result from conformational exchange of DNA-bound GR dimer partners rather than dissociation from one half-site and subsequent re-binding to the adjacent half-site ( Supplementary Fig. 5b) .
Because the Gilz GBS consists of two non-identical half-sites, the simplest view is that Gly470 conformations may be determined solely by the sequence of the GBS half-site to which each GR dimer partner is bound. This would predict that GBSs that are identical at one halfsite and differ at the other will have one overlaid Gly470 peak and one non-overlaid peak (compare Pal-R and Sgk). We found, however, that the GBS complexes Gilz, Sgk and Pal-ttg, which are identical at one half-site, each had two unique Gly470 chemical shifts (Fig. 6a) . Thus, the lever-arm conformation for each GR dimer depends not only on the sequence of the half-site to which it was directly bound, but also on the sequence bound by the adjacent dimer partner. Taken together with comparisons of Gly470 chemical shifts among different GBS complexes, our data suggest that each GR dimer partner integrates sequence-specific signals from both GBS half-sites (Fig. 6c) .
Unlike those for wild type, the Gly470 peaks for A477T bound to different GBSs were overlaid (Fig. 6a) . Therefore, disrupting the dimer interface at Ala477 abolished the sequence-specific conformations of Gly470 within the lever arm. We expanded this comparison to investigate the extent to which each residue samples distinct conformations when bound to different GBSs by determining the chemical-shift variance across a panel of seven GBSs ( Fig. 6d and Supplementary Fig. 6 ). For wild-type GR, residues with considerable chemical-shift variance Figure 6 Sequence-specific lever-arm conformation is dependent on the intact dimerization interface. (a) 15 N-HSQC closeups (left and middle) of the Gly470 peak of the lever arm of wild-type (WT) DBD bound to the asymmetric GBSs (Gilz, Sgk and Palttg) and a palindromic site (Pal-R). Right, overlay of Gly470 peaks from all for GBSs for WT (top) and A477T (bottom) DBD. (b) The peak intensity for Gly470 and Ile484 WT DBD residues in ZZ-exchange spectra at five mixing periods. The auto peak and the corresponding exchange peak are shaded equivalently. Insets, spectra for auto and exchange peaks at a mixing period of 0. npg a r t i c l e s included those in the recognition helix and lever arm, with the highest variance at Arg466, which makes a direct contact with the GBS. Consistent with the impact of A477T on Gly470, we found that A477T showed lower chemical-shift variance throughout the recognition helix and lever arm than did wild type. Thus, this global chemical-shift perturbation analysis supports our conclusion that the GBS-specific conformations of GR depend on an intact dimer interface. Building on NMR chemical-shift mapping showing that GBS modulates the GR dimer interface, we conclude that the intact dimerization surface allows for allosteric communication between dimer partners and integration of sequence signals from the GBS as a whole. Consistent with this view, disruption of this communication by the A477T mutation reduced the sequence-specific effects of the GBS on GR conformation and simplified the relationship between GR DNA binding affinity and regulatory activity. Thus, we propose that signals are transmitted from the DNA-binding interface through the lever arm and the dimerization interface and into GR domains outside of the DBD that confer transcriptional regulatory activity 28, 29 .
DISCUSSION
Genomic response elements are composed of combinations of sequence motifs that specify binding of distinct transcriptional regulators to execute gene-specific control of transcription. Even combinations of bases within a single binding motif can affect gene-specific activity 12 . Crystallographic studies of the GR DBD have revealed that the conformation of the 'lever arm' , a region between the DNArecognition helix and the dimer interface, differs at distinct GBSs 12 . Through NMR analysis of wild-type and mutant GR DBD-GBS complexes, we defined both the origin and the consequence of the leverarm conformational transitions-a path of affected residues including parts of the DNA interface, the lever arm and the dimerization interface that facilitates allosteric communication between GR dimer partners. This path enables integration of sequence-specific signals from both GBS half-sites, exponentially increasing the informational complexity of the GBS.
We considered the possibility that chemical-shift differences in the DNA and dimer interfaces result from the GBS-dependent reorientation of rigid GR dimer partners relative to the DNA or each other-for example, from differential DNA bending. We found that the magnitude of chemical-shift differences did not correlate with the proximity of GR DBD residues to the DNA (data not shown), contrary to the rigid-butreoriented model. We assessed GBS-dependent DNA bending by fluorescence resonance energy transfer (FRET) analysis. GR binding produced very small increases in GBS FRET efficiency compared to DNA alone (Supplementary Fig. 7 ), suggesting minimal DNA bending induced by GR. Furthermore, A477T and wild type showed equivalent behavior among the five GBSs tested. Therefore, the chemical-shift differences between GBS complexes and between wild type and A477T represent GBS-specific differences in GR structure, not DNA bending.
Protein allostery is a crucial aspect of combinatorial control. Structural studies of isolated ligand-binding domains (LBDs) from nuclear receptors suggest how signaling information residing in small-molecule ligands is transmitted to a co-regulator recognition surface 8, [30] [31] [32] [33] [34] . Here we show that GBSs drive structural changes at the DNA-binding interface that are coupled with changes in the GR dimerization interface and dimer partner as well as correlated with distinct biophysical and transcriptional outcomes. It is likely that such structural transitions extend into distinct domains of intact GR to specify regulatory complex assembly and activity. These findings provide perhaps the clearest mechanistic perspective to date on functional studies showing that binding sequences modulate receptor interactions with co-regulators 17, 35, 36 , that ligands modulate interactions with DNA 37 and that both DNA and ligands direct interactions with coregulators 38 . Thus, the DBD residues identified here, together with LBD residues that interpret ligand signals 39 and affect gene-specific regulation [40] [41] [42] , could begin to define a molecular 'map' that, in the cellular context, integrates GBSs, ligands, chromatin, co-regulators and post-transcriptional modifications to determine the composition and function of gene-specific transcriptional regulatory complexes.
Other than specific base contacts, what DNA signals might trigger changes in GR structure? Our data suggest that GR 'measures' the spacer minor-groove width as an indirect readout of spacer sequence. In the Pal complex, the Lys490 side chain reaches across the spacer minor groove to contact the phosphate backbone at the complement of spacer position 7. In the Fkbp5 complex, which has a wider spacer minor groove, Lys490 contacts the phosphate backbone of the proximal strand at position 11 (Fig. 1e) . Indirect recognition of narrow minor grooves by insertion of positively charged side chains is a general feature of DNA recognition 20 and a contributor to specificity among transcription factors 43, 44 . For GR, we observe a distinct mechanism whereby minor-groove width imposes structural constraints on lysine-mediated backbone contacts to DNA. Thus, flexible regions of the protein may adopt conformations that accommodate differences in DNA shape, as has been demonstrated for other transcriptional regulators 45 .
In addition to identifying regions of GR that can adopt distinct conformational states among different GBS complexes, we found that dimer partners undergo dynamic exchange between two discrete conformations while bound to a particular GBS (Fig. 6a,b and Supplementary Fig. 5 ). This is consistent with the structural asymmetry between dimer partners observed by crystallography 17 . Gly470 of the lever arm and Ile484 of the dimer interface showed dynamics with similar timescales, consistent with structural coupling between these regions of the DBD. We speculate that GR-GBS complexes may differentially access conformational states that interact preferentially with particular transcriptional co-regulators, thus providing 'assembly instructions' for different regulatory complexes. GBS-specific dissociation kinetics may, in part, affect GR activity by altering the turnover of GR-DNA complexes. Indeed, interactions with response elements are highly dynamic, occurring on the timescale of seconds 46 , and regulatory complexes are actively and continuously disassembled 47 . How the DNA-binding kinetics of GR are regulated and how they affect transcriptional activity remain open questions.
Structural characterization of related nuclear receptors has shown that DNA binding mediates conformational changes in the dimerization surface, providing a mechanism for cooperative dimerization 48 .
Here we have shown that GR cooperativity is affected by the precise binding sequence and impaired by the A477T mutation. Differential cooperativity is well established as a mechanism for achieving genespecific activity and suppressing transcriptional noise 49, 50 . We propose that sequence-dependent conformational changes in the dimer interface modulate gene-specific cooperativity, in turn regulating the level of transcriptional activation by GR. While this manuscript was in revision, Hudson et al. 51 reported that GR binds with negative cooperativity at "nGREs," where GR represses transcription. Thus, GBS-mediated allosteric regulation of cooperativity may enable GR to exhibit exceptional specificity in gene-regulation activities ranging from transcriptional activation to repression.
METHODS
Methods and any associated references are available in the online version of the paper. npg a r t i c l e s Note: Supplementary information is available in the online version of the paper.
